There is a longstanding but poorly understood epidemiologic link between inflammation and cancer. Consistent with this, we previously showed that ␣␤ T cell deficiency can increase resistance to chemical carcinogenesis initiated by 7,12-dimethylbenz[a]anthracene and promoted by phorbol 12-myristate 13-acetate. This provoked the hypothesis that ␣␤ T cell deficiency removed T regulatory cells that limit the anti-tumor response or removed a specific tumor-promoting (T-pro) T cell population. Here we provide evidence for the latter, identifying a novel CD8 ؉ subset that is a candidate for T-pro cells. We demonstrate that CD8 cell-deficient mice show substantially less tumor incidence and progression to carcinoma, whereas susceptibility is restored by CD8 ؉ cell reconstitution. To characterize the putative T-pro cells, tumor-infiltrating lymphocytes were isolated from normal and CD4 ؊/؊ mice, revealing an activated population of T cell receptor ␣␤ ؉ CD8 ؉ CD44 ؉ CD62L ؊ cells expressing the inflammatory mediators IFN␥, TNF␣, and cyclooxygenase-2, but deficient in perforin, relative to recirculating cells of equivalent phenotype. This novel population of CD8 ؉ T cells has intriguing similarities with other lymphocytes that have been associated with tissue growth and invasiveness and has implications for inflammation-associated carcinogenesis, models of cancer immunosurveillance, and immunotherapeutic strategies.
pithelial tissues, situated at the critical juncture of the host with its environment, are continually subjected to myriad damaging factors that provoke inflammation including chemical toxins and mutagens, proliferation-inducing factors, and infectious agents. Numerous correlations of such inflammatory states with increased carcinogenesis have been identified, e.g., cutaneous squamous cell carcinoma (chronic cutaneous lupus, cutaneous tuberculosis, chronic wounds/ulcers), lung carcinoma (asbestos and silica exposure), gastric carcinoma (Helicobacter pylori associated gastritis), esophageal carcinoma (Barrett's esophagitis), and colorectal carcinoma (inflammatory bowel disease) (reviewed in ref. 1) . Indeed, the ''chronic inflammatory state'' has long been postulated (2) to drive recurrent rounds of epithelial damage and repair, with associated local increased oxidative stress, secretion of growth factors, and cell cycle dysregulation. This would provide a microenvironment conducive to mutagenesis and genomic instability, which are fundamental to carcinogenesis (3) .
Analysis of most sporadic premalignant tumors and carcinomas arising in adults commonly reveals numerous leukocytes and prominent production of inflammatory cytokines including IFN␥ and TNF␣ (4) . Whereas IFN␥ is known to exhibit a wide variety of effects antagonistic to tumor development and growth (e.g., inhibition of angiogenesis, up-regulation of antigen presentation, enhancement of cytotoxic responses, granulomatous control of tumors) (5, 6) , locally sustained IFN␥ expression has been paradoxically implicated in enhancing tumor progression (7, 8) . Likewise, TNF␣ may induce focal tumor cell death and stimulate anti-tumor responses but is commonly present in chronic inflammatory states and their associated carcinomas (9, 10) . Nonetheless, the cutaneous inflammatory condition psoriasis, notable for local TNF␣ production, is one state where inflammation itself has no apparent influence on skin cancer development (11) . Thus, specific cellular components that drive inflammation, rather than inflammation per se, are likely to be key to promoting carcinogenesis, and their identification by use of experimental systems is therefore an important goal.
Accordingly, we used a two-stage chemical carcinogenesis protocol of single exposure to the mutagen 7,12-dimethylbenz[a]anthracene (DMBA) followed by repeated application of the inflammation-inducing phorphol ester, phorbol 12-myristate 13-acetate (PMA), where lesions can be followed from premalignant papilloma formation to progression to carcinoma (12) . Although the effects of PMA are pleiotropic, that its proinflammatory effects are crucial to tumor promotion is well supported by several major lines of evidence, most notably genetic (13, 14) and pharmaceutical (15, 16) manipulation of the arachidonic acid/cyclooxygenase (COX) pathway of inflammation induction.
Using this system we previously demonstrated that ␣␤ T cell deficiency was associated with reduced tumor development and progression in DMBA/PMA chemical carcinogenesis (17, 18) . This was in contrast to ␥␦ T cell deficiency that was reproducibly deleterious to tumor resistance (18) . These findings provoked two possible explanations: According to one scenario, ␣␤ T cell deficiency removes a population of T regulatory cells that ordinarily limit innate and adaptive components of the anti-tumor response (19, 20) . Such would include CD4 ϩ CD25 ϩ Foxp3 ϩ T regulatory cells, currently a major target in clinical studies aimed at increasing the anti-tumor response (21) . In addition, it would include CD4 ϩ T cell inhibition of cell-mediated anti-tumor immunity through misdirected (i.e., T helper 2 type) cytokine production, e.g., reactive against colonizing staphylococcal antigens (22), or after anti-tumor vaccination (23) . Moreover, because ␥␦ T cells do not include Foxp3 ϩ regulatory cells (24) , ␥␦ T cell deficiency would not be expected to have an equivalent effect. However, according to the alternative possibility, ␣␤ T cell deficiency removes a putative subset of tumor-promoting T cells (T-pro cells) that promotes inflammation associated cancer.
This article examines these two scenarios. Whereas tumor studies in CD4 Ϫ/Ϫ mice provided little support for a prominent role of T regulatory cells, we were able to identify a putative T-pro tumor-infiltrating lymphocyte (TIL) population, comprised of activated T cell receptor (TCR) ␣␤ ϩ CD8 ϩ CD44 ϩ CD62 Ϫ T cells, that produces substantial amounts of IFN␥ and TNF␣, but relatively little perforin, compared with phenotypically equivalent peripheral blood lymphocytes (PBL). In addition, these cells are notable for local production of COX-2, consistent with a population of CD8 ϩ T-pro cells that drives inflammatory-associated carcinogenesis in the skin. They also share intriguing similarities with uterine natural killer (NK) cells that, rather than being cytolytic, are cytokine-producing cells associated with trophoblast growth and invasion of the uterine wall (25) . The identification and elucidation of mechanistic activities for tumor-promoting CD8 ϩ T cells has major implications for chemopreventive and immunotherapeutic strategies designed to enhance cancer immunosurveillance. In sum, the comparability of WT and CD4 Ϫ/Ϫ mice does not imply an aggregate, substantial role for CD4 ϩ T regulatory cells in this system, but, by contrast, the decreased tumor numbers in TCR␤ Ϫ/Ϫ and CD8 Ϫ/Ϫ mice strongly suggest the possibility of a population of tumor-promoting TCR␣␤ ϩ CD8 ϩ (i.e., T-pro) cells operative in CD8-intact mice. The possibility that other CD8-expressing (non-T) cells (e.g., dendritic cell subsets) may be partially or wholly responsible for the data is highly unlikely, because the mutation targeted the CD8␤ gene and CD8 ϩ dendritic cell subsets have been shown to express only the CD8␣␣ homodimer. Nonetheless, repopulation studies were undertaken to test the hypothesis that the tumor-promoting cells are T cells.
Results and Discussion

Selective Adult and Neonatal Repopulation Studies Confirm That T-Pro
Cells Are TCR␣␤ ؉ CD8 ؉ T Cells. One week after initiation with DMBA, groups of TCR␤ Ϫ/Ϫ mice were repopulated i.v. with 3.5 ϫ 10 6 CD8␤ ϩ T cells purified from spleen and lymph node (SLN) cells by using antibody-coated magnetic beads. Just as for control CD4
Ϫ/Ϫ mice, TCR␣␤-deficient animals repopulated with peripheral TCR␣␤ ϩ CD8 ϩ T cells exhibited an increase in observed tumor burden (151.9 Ϯ 19.6 mm 2 in TCR␤ Ϫ/Ϫ plus CD8 ϩ vs. 64.5 Ϯ 13.2 in TCR␤ Ϫ/Ϫ ; P Ͻ 0.001) ( Fig. 2A) , and numbers of carcinomas (7.9 Ϯ 0.92 in TCR␤ Ϫ/Ϫ plus CD8 ϩ vs. 3.7 Ϯ 0.78 TCR␤ Ϫ/Ϫ ; P ϭ 0.001) (Fig. 2B ) relative to unreconstituted ␣␤ T cell-deficient mice. In a complementary experi- ment, neonatal TCR␤ Ϫ/Ϫ mice were selectively reconstituted with CD8 ϩ T cell progenitors by i.p. injection with 50,000 day-14 fetal liver hematopoietic cells (FLHC) purified from CD4 Ϫ/Ϫ fetuses. A CD8 compartment, comparable to levels observed in CD4 Ϫ/Ϫ mice, was confirmed in all recipients by flow cytometric analysis of PBL (data not shown). Relative to TCR␣␤-deficient controls, the CD8-reconstituted mice again showed a significant increase in tumor burden (127.1 Ϯ 26.9 mm 2 in TCR␤ Ϫ/Ϫ plus CD4 Ϫ/Ϫ FLHC vs. 57.7 Ϯ 9.1 in TCR␤ Ϫ/Ϫ ; P Ͻ 0.030) (Fig. 2C ) and number of carcinomas (8.8 Ϯ 1.3 mm 2 in TCR␤ Ϫ/Ϫ plus CD4 Ϫ/Ϫ FLHC vs. 4.4 Ϯ 0.86 in TCR␤ Ϫ/Ϫ ; P Ͻ 0.010) (Fig. 2D ).
Phenotypic Analysis of CD8 ؉ TIL (Putative T-Pro) Associated with
Increased Carcinogenesis. The prospect of a tumor-promoting TCR␣␤ ϩ CD8 ϩ cell population may appear paradoxical given the anti-tumor role typically attributed to perforin-producing cytotoxic CD8 ϩ T cells reactive against tumor-associated antigens (19) . We therefore sought to phenotypically characterize TIL that we hypothesized contain T-pro cells that locally promote carcinogenesis. TIL purified from the tumors of DMBA/PMA treated FVB mice revealed the presence of CD3 ϩ CD8 ϩ cells, albeit in much smaller numbers (Ϸ10ϫ) than CD3 ϩ CD4 ϩ TIL (Fig. 3A) . Although these cell recoveries were too low to permit the functional assay of CD8 ϩ TIL, for example by adoptive transfer, the cells could be phenotyped. They had an effector-memory, CD44 ϩ CD62L Ϫ phenotype (Ϸ75% in TIL vs. Ϸ20% in PBL) (Fig. 3 B and C) , and, after overnight stimulation with anti-CD3, they were shown by cytometric bead analysis to produce high amounts of IFN␥ (30.0 Ϯ 11.2 vs. 0.7 Ϯ 1.3 pg/ml; P ϭ 0.002) (Fig. 3D) and TNF␣ (31.3 Ϯ 7.8 vs. 2.6 Ϯ 1.7 pg/ml; P Ͻ 0.001) (Fig. 3E) , relative to CD4 ϩ TIL. Consistent with this, semiquantitative RT-PCR (sqRT-PCR) analysis revealed that the TCR␣␤ ϩ CD8 ϩ CD44 ϩ CD62L Ϫ TIL also produce COX-2, the major enzymatic inducer of inflammatory mediators of the arachidonic acid pathway, whereas phenotypically equivalent PBL do not (Fig. 4 A-C) . Furthermore, although the CD8 ϩ TIL express Fas ligand (FasL) and NKG2D, they conspicuously underexpress perforin. Thus, the cells compose a distinct population of CD8 ϩ T cells. To confirm findings, analyses by real-time quantitative RT-PCR (qRT-PCR) were performed to compare expression of IFN␥, TNF␣, perforin, and COX-2 in TCR␣␤ ϩ CD8 ϩ CD44 ϩ CD62L
Ϫ TIL relative to phenotypically equivalent PBL from tumor-bearing mice (Fig. 4D) . Again, the inflammatory mediators were overexpressed, whereas perforin expression was substantially compromised in the putative T-pro population. The data reported here provide further and specific support for the view that the contributions of T lymphocytes to tumor surveillance are a mixture of competing forces. On one hand, there is extensive evidence for an anti-tumor role of T cells, perhaps most obvious clinically in the increased risk of several cancers in iatrogenically immunosuppressed renal transplant patients (26) . Conversely, chronic inflammation is undeniably linked to cancer in a wide variety of tissues, especially skin and other epithelia (1, 2, 4, 7-10, 13-16). Experimentally, evidence for a tumor-promoting role of T cells was first put forth by Prehn decades ago (27) , with more recent findings implicating the CD4 subset (22, 23). Herein we reveal the tumor-promoting capacity 
of CD8
ϩ T cells, and the aggregate expression profile of this candidate T-pro population is notably consistent with reports that TNF␣ Ϫ/Ϫ (28) and COX-2 Ϫ/Ϫ (29) mice are resistant to DMBA/PMA-mediated carcinogenesis. These data are also consistent with the recent finding of spontaneous colorectal carcinoma development in suppressor of cytokine signaling-1-deficient mice through an INF␥/STAT1-dependent pathway (30) . The potential role of IFN␥ in promoting inflammationassociated carcinogenesis is more enigmatic, especially given the high susceptibility of IFN␥ Ϫ/Ϫ , IFNGR1 Ϫ/Ϫ , and STAT1 Ϫ/Ϫ mice to a variety of spontaneous or specific regimens of chemically induced tumors (5, 6) . Nevertheless, there is also evidence that chronic, local production of IFN␥ may result in a variety of pro-tumor effects (7, 8) .
This pleiotropic response of T cells in the context of malignancy is reminiscent of the involvement of macrophages which are well known to include those that promote as well as those that antagonize tumor development (31) . It is also reminiscent of aspects of normal physiology: thus, whereas NK cells are prototypically cytotoxic, uterine NK cells produce high amounts of cytokines, including IFN␥, but are not cytolytic and are associated with trophoblast growth and invasion of the uterus (25) . This may be directly analogous to the capacity of cytokineproducing T-pro cells to promote tumor growth. Moreover, a recently identified CD8 ϩ T cell subpopulation that traffics to human skin also has a cytokine-expressing, noncytolytic phenotype similar to the candidate murine T-pro population (32) . Whether such cells promote carcinogenesis in humans remains to be investigated.
Materials and Methods
Animals and Housing. All of the in vivo studies were approved by the Yale Animal Care and Use Committee. Normal control mice were purchased from The Jackson Laboratory (Bar Harbor, ME). CD4 Ϫ/Ϫ , CD8␤ Ϫ/Ϫ (both generously provided by L. Coussens, University of California, San Francisco, CA), and TCR␤ Ϫ/Ϫ (The Jackson Laboratory) were all backcrossed at least 10 generations onto the FVB/N background. Mice were housed in filter-topped cages with sterilized food and water and autoclaved corncob bedding changed at least once weekly. The animal facility is accredited by the Association for Assessment of Laboratory Animal Care. Two-Stage Chemical Carcinogenesis. Chemicals were obtained from Sigma (St. Louis, MO). DMBA was dissolved in acetone (4 mM), and PMA was dissolved in 100% ethanol (0.2 mM). Application of DMBA/PMA and tumor monitoring were performed as previously described (17) . Briefly, initiation by pipette application of 400 nmol of DMBA was performed 1 week after shaving back hair with electric clippers followed by depilatory cream. This was followed by twice-weekly application of 20 nmol of PMA. Cutaneous tumors were counted, measured, and scored weekly as clinically apparent papillomas (typically well demarcated, symmetrical, pedunculated or dome-shaped papules without erosion or ulceration) or clinically apparent carcinomas (poorly demarcated, asymmetrical, nonpedunculated or domeshaped papules with erosion or ulceration). Tumors were evaluated by visual inspection by an observer (R.B.F.) blinded to the experimental groups. At the conclusion of experiments, tumors were excised for TIL isolation or formalin-fixed and paraffinembedded, and 5-m sections were stained with hematoxylin and eosin and examined (by E.J.G.) for histologic confirmation.
Lymphocyte Isolation. To obtain PBL samples, after anesthesia by methoxyflurane inhalation mice were individually bled by capillary pipette of the retroorbital plexus. Approximately 200 l per mouse was harvested, mixed with 30 l of 1,000 units/ml heparin (Sigma) and then 5 ml of D-PBS. The blood mixture was overlaid on 5 ml of Lympholyte-M (Accurate Chemical, Westbury, NY) and centrifuged at 600 ϫ g for 20 min at room temperature, and the interface was harvested and washed twice in Hanks' balanced salt solution (HBSS) before antibody staining. All mice were processed individually then either stained as individual mice or pooled and then stained for sorting. Cells were sorted on a FACSVantage with DIVA option for the cytometric bead analysis assay (see below) or sorted into individual wells of a 96-well plate (500 cells per well) on a MoFlo (DakoCytomation, Fort Collins, CO) for subsequent expression analysis (see below). To obtain SLN cells, the tissues were ground between frosted slides, and the cells were released into ice-cold HBSS and purified on Lympholyte-M columns as described above. The cells were washed twice in HBSS before sorting and transfer studies. To obtain TIL, tumors were excised and minced on ice in supplemented RPMI medium 1640 (sRPMI: RPMI medium 1640 plus Hepes, 2-mercaptoethanol, sodium pyruvate, and antibiotics) with 2.5 mg/ml collagenase I, 1.5 mg/ml collagenase II, 1 mg/ml collagenase IV, 0.25 mg/ml hyaluronidase IV-S, 300 g/ml DNase I, and 0.06 g/ml soybean trypsin inhibitor. Suspensions of tumor pieces were incubated at 37°C for 2 h. The pieces were then gently pressed between the frosted edges of two sterile glass slides, and the cell suspension was passed through sterile 100-m Nylon mesh to remove debris and separate cell clumping. sRPMI was added to stop the digestion. Cells were centrifuged at 1,200 rpm at 4°C and washed three times in HBSS before Lympholyte-M gradient separation. TIL were further purified by using the gradient as per manufacturer protocol, washed three times in HBSS, and resuspended in sRPMI for overnight incubation at 37°C 5% CO 2 . The following day, the TIL were washed two times in HBSS and filtered through 30-m Nytex filter and stained. Cells were either analyzed fresh or fixed in freshly prepared 1% paraformaldehyde in PBS.
Flow Cytometry. FITC, phycoerythrin, peridinin chlorophyll protein coupled to cyanine dye (PerCPCy5.5), or allophycocyaninconjugated monoclonal antibodies specific for CD3 (145-2C11), CD4 (RM4-5), CD8␣ (53-6.7), CD62L (MEL-14), TCR␤ (H57-597), and CD44 (IM7) were from Pharmingen (San Diego, CA). Biotinylated CD8␤ (CT-CD8b) for magnetic selection was from eBiosciences (San Diego, CA). For flow cytometry, 1 ϫ 10 6 PBL or TIL after purification over Lympholyte-M (PBL) or Nytex filtration (TIL) were stained for 30 min at 4°C with a 1:100 dilution for FITC-conjugated antibodies, 1:200 for phycoer ythrin-conjugated antibodies, 1:150 for PerCPCy5.5-conjugated antibodies, and 1:400 for allophycocyaninconjugated antibodies in flow cytometry buffer (2% FCS in HBSS), were washed twice with flow cytometry buffer, and were analyzed either fresh or after fixation in 1% paraformaldehyde in PBS. A total of 2 ϫ 10 4 or more lymphocyte gated events were collected on a FACSCalibur (Becton Dickinson, San Diego, CA) and analyzed with CellQuest software.
Cytometric Bead Array Cytokine Analysis. TIL from WT mice were isolated and stained for CD4 (RM4-5) and CD8a (53-6.7). The sorted populations were counted and then split into two wells of a 96-well plate coated with anti-mouse CD3 containing 200 l of serum-free AIM V defined media (Invitrogen). At 12 and 24 h after plating, 50-l aliquots were taken and immediately frozen at Ϫ70°C until the inflammation assay was run. Following the manufacturer's instructions, samples were run on a FACSCalibur and the data were analyzed with BD Cytometric Bead Array software. Cytokine production was determined as picograms per milliliter. TCAT-3Ј; TNF␣ (R), 5Ј-TGAGCCATAATCCCCTTTCTAA-3Ј; FasL (F), 5Ј-TCCTTCATTTTCTCGAGGTC-3Ј; FasL (R), 5Ј-CGGCTCAGAAAACATTAGGT-3Ј; COX-2 (F), 5Ј-GCA-AATCCTTGCTGTTCCAATC-3Ј; COX-2 (R), 5Ј-GGAGA-AGGCTTCCCAGCTTTTG-3Ј; NKG2D (F), 5Ј-CACATT-GATGTGGCTTGCCATTTT-3Ј; and NKG2D (R), 5Ј-AGTT-TTTACACCGCCCTTTTCATGC-3Ј. All reactions were performed in a 96-well thermocycler (MJ Research PTC-200). Absence of genomic DNA contamination was confirmed by lack of product in control reactions without reverse transcriptase. Sterile, autoclaved water was used as a negative control. Master mixes were used in all reactions to improve accuracy of sqRT-PCR. A total of 6 l of product from each round of sqRT-PCR (28-40 cycles) was resolved by 1.5% agarose gel electrophoresis at 100 mA for 30 min, and a 100-bp ladder (Invitrogen) was included as a reference for fragment size. DNA was visualized by ethidium bromide by using a UV transilluminator. An image of each gel was taken by using the FluorChem Imaging System (Alpha Innotech, San Leandro, CA) and stored in digitized form. To quantitate relative gene expression, band signal intensities from cycle numbers 36, 38, and 40 were measured by densitometry using Photoshop (Adobe Systems, San Jose, CA) and normalized to the housekeeping gene ␤-actin.
Real-time qRT-PCR was performed as a service by the W. M. Keck Foundation Biotechnology Resource Laboratory, as described. Briefly, mRNA samples from 500 cell aliquots (isolated by FACS, as above) were converted to cRNA (QantiTECT Probe RT-PCR Kit; Qiagen, Germantown, MD). IFN␥, TNF␣, perforin (Prf1), and ␤-actin primer sets with FAM-based probes (Qiagen), and COX-2 TaqMan primer sets (Applied Biosystems, Foster City, CA) were used to amplify the respective target genes for the TIL and PBL lymphocyte subsets. Samples were run in duplicate on a real-time ABI 7900ht device (Applied Biosystems), and the data were analyzed with provided v2.2 SDS software. For both sqRT-PCR and qRT-PCR analyses, TIL and PBL isolations represent pooled samples from 8-10 tumorbearing mice. In total, four separate TIL and four separate PBL isolations were performed and analyzed.
Statistics. Statistical significance was evaluated by the two-tailed, unpaired Student t test, or nonparametric analysis if standard deviations were significantly different between the two compared groups. Graphical data are shown with bars indicating standard errors of the means.
